Introduction
============

Microglial activation has been demonstrated to be an early sign that often precedes and triggers neuronal death in neurodegenerative diseases, such as Parkinson\'s disease (PD) \[[@b1]\]. Excessive production of pro-inflammatory and neurotoxic factors from activated microglia (MG), such as tumour necrosis factor-α (TNF-α), prostaglandin E~2~ (PGE~2~), interleukin-1**β** (IL-1**β**) and reactive oxygen species (ROS), may trigger or exacerbate neuronal death \[[@b4]\]. Thus, seeking the endogenous target for controlling the extent of microglial activation and neuroinflammation may offer prospective clinical therapeutic benefit for inflammation-related neurodegenerative disorders.

A variety of K^+^ channels are expressed in MG and play an important role in regulating membrane potential and thereby microglial function \[[@b11]\]. ATP-sensitive potassium (K~ATP~) channel is a special class of potassium channel, which links cell metabolic state to excitability. K~ATP~ channels consist of discrete pore-forming (Kir6.1/Kir6.2) and regulatory (SUR1/SUR2) subunits and are activated by a decrease in ATP/ADP ratio \[[@b12]\]. It is well documented that targeting K~ATP~ channels can provide neuroprotective effects for neurons and astrocytes against ischaemia, trauma and neuro-toxicants \[[@b13]\]. K~ATP~ channels in the brain do not belong to a homogenous group, and different combinations of possible K~ATP~ channel subunits give rise to functional K~ATP~ channels with a variety of biophysical, pharmacological and metabolic properties \[[@b12]\]. Kir6.2 forms the pore of most neuronal populations, while Kir6.1 is the principal pore-forming subunit of astrocyte and mitochondr-ial K~ATP~ (mito-K~ATP~) channels in brain \[[@b12]\]. Our previous study showed that Kir6.1/SUR2 K~ATP~ channels were expressed in BV-2 microglial cell line and involved in regulating the production of inflammatory factors \[[@b18]\]. Most recently, we reported that iptakalim, a novel drug with the properties of K~ATP~ channel opener, exhibited anti-neuroinflammatory effects \[[@b19]\]. Considering the differences between the property of BV-2 and MG, in the present study rat primary cultured MG were purified to investigate the subunit composition and function of K~ATP~ channels.

The aim of this study was to use the classic K~ATP~ channel opener pinacidil and selective mito-K~ATP~ channel opener diazoxide to investigate the regulatory effects of K~ATP~ channels on rotenone-induced MG activation and neuroinflammation.

Material and methods
====================

Microglia-enriched cultures
---------------------------

Tissues from whole brains of postnatal (P1--P2) Sprague-Dawley (SD) rats were triturated and then cells were plated in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% foetal calf serum, 100 U/ml penicillin and 100 μg/ml streptomycin. After reaching a confluent monolayer of glial cells (10--14 d), MG were separated from astrocytes by shaking off for 5 hrs at 100 rpm in an orbit shaker at 37°C. Enriched MG were collected by centrifugation and reseeded in 24-well culture plates at a density of 10^5^ cells/cm^2^. The enriched MG were \>98% pure as determined by antibodies for OX-42 (a marker for MG, Serotec, USA) and glial fibrillary acidic protein (GFAP) (a marker for astrocyte, Sigma, USA).

Animals and treatment
---------------------

Male SD rats aged 7 weeks were chosen for experiments. Rats (220--240 g) were kept five to a cage under standard laboratory conditions with free access to standard laboratory food and tap water, constant room temperature of 22 ± 1°C, 50--60% humidity and a natural day-night cycle. All experiments were carried out according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (publication No. 85--23, revised 1985) and the Guidelines for the Care and Use of Animals in Neuroscience Research by the Society for Neuroscience and approved by Institutional Animal Care and Use Committee of Nanjing Medical University(IACUC).

Dimethylsulfoxide (DMSO)/polyethylene glycol (PEG) (1/1) was used as vehicle for rotenone (Sigma, USA). Diazoxide (Sigma, USA) was dissolved in 100% DMSO as vehicle and diluted with sterile saline to a concentration of 1 mg/ml (0.2% DMSO) for administration to rats. Rats were randomly divided into three groups. Control rats (*n*= 16) received vehicle only. Rats of model group (*n*= 20) were subcutaneously injected with rotenone (2.5 mg/kg/day) for 4 weeks and daily dose of rotenone was administered t.i.d. at 08:00, 14:00 and 20:00, respectively. The injection volume was 0.1 ml/100 g body weight. Other rats were received intragas-tric administration with diazoxide (1.5 mg/kg/day, *n*= 16) for 3 days. Diazoxide was administrated directly into the rat stomach through oral cavity using a metal tube attached to a 2 ml syringe. On day 4, diazoxide was pre-treated 1 hr before the injection with rotenone (2.5 mg/kg/day, subcutaneously) on a daily basis for 4 weeks.

Rats of rotenone group underwent an obvious mortality (40%) after 4 week treatments. Twelve to 16 animals remained per group. After the last behaviour test, rats were killed and their brains were used for morphological (*n*= 6 per group) and biochemical (*n*= 4 per group) analyses.

Behavioural tests
-----------------

The catalepsy test and rotarod test were performed for the assessment of the effects of drugs on rotenone-induced parkinsonian symptoms. All rats were tested for catalepsy and rotarod at five time points: before administration and 1, 2, 3 and 4 weeks after treatments. Only rats that completed all 4 weeks of the experiments were included in statistical analyses (*n*= 12 per group). For catalepsy test, rats were placed with both forepaws on bars 9 cm above and parallel from the base and were in a half-rearing position. Latency time of the removal of the paw was recorded. The basic requirement is for rotating roller (or rotarod), consisting of (*i*) a roller of the appropriate diameter (8 cm) for rats, (*ii*) a power source for turning the roller (control of rod speed) and (*iii*) four circular separators placed along the rod at suitable intervals to divided the roller into equal-sized compartments for simultaneous testing of four animals. For the rotarod test, rats were placed on the rod and sequentially tested at 5, 10, 15 r.p.m. for a maximum of 300 sec each speed, the length of time that each animal was able to stay on the rod at each rotarod speed was recorded.

RT-PCR
------

Total RNA was extracted from MG after stimulation using Trizol (Invitrogen Life technologies, USA). 2 μg of total RNA from primary cultured MG was reverse transcribed into single-stranded cDNA. PCR was performed on the equivalent cDNAs from each sample. Primers used are listed in [Table 1](#tbl1){ref-type="table"}. PCR cycles were as follows: Kir6.1 primers: 94°C, 4 min; 94°C, 30 sec; 57°C, 30 sec; 72°C, 30 sec; 72°C, 5 min (27 cycles). Kir6.2 primers: 94°C, 4 min; 94°C, 30 sec; 64°C, 30 sec; 72°C, 30 sec; 72°C, 5 min (33 cycles). SUR1 primers: 94°C, 4 min; 94°C, 30 sec; 64°C, 30 sec; 72°C, 30 sec; 72°C, 5 min (29 cycles). SUR2 primers: 94°C, 4 min; 94°C, 30 sec; 59°C, 30 sec; 72°C, 30 sec; 72°C, 5 min (35 cycles); TNF-α, cyclooxygenase-2 (COX-2) and GAPDH primers: 95°C, 5 min; 95°C, 30 sec; 63°C, 30 sec; 72°C, 30 sec; 72°C, 10 min (35 cycles). The PCR reactions were then visualized on a 1.8% agarose gel containing 0.06 μg/ml ethidium bromide and the resulting bands were confirmed using Molecular Image FX (BIO-RAD).

###### 

Primers for RT-PCR

  Gene     Forward primer                    Reverse primer
  -------- --------------------------------- ----------------------------------
  Kir6.1   5′-GAGTGAACTGTCGCACCAGA-3′        5′-CGATCACCAGAACTCAGCAA-3′
  Kir6.2   5′-TCCAACAGCCCGCTCTAC-3′          5′-GATGGGGACAAAACGCTG-3′
  SUR1     5′-GGAGCAATCCAGACCAAGAT-3′        5′-AGCCAGCAGAATGATGACAG-3′
  SUR2     5′-ACCTGCTCCAGCACAAGAAT-3′        5′-TCTCTTCATCACAATGACCAGG-3′
  TNF-a    5′-CAGACCCTCACACTCAGATCATCTT-3′   5′-CAGAGCAATGACTCCAAAGTAGACCT-3′
  COX-2    5′-TGATGACTGCCCAACTCCCATG-3′      5′-AATGTTGAAGGTGTCCGGCAGC-3′
  GAPDH    5′-TGGTGCCAAAAGGGTCATCTCC-3′      5′-GCCAGCCCCAGCATCAAAGGTG-3′

Immunochemistry
---------------

Cells were fixed using 4% paraformaldehyde, followed by blocking with PBS containing 10% bovine serum albumin (BSA). After blocking, cells were incubated at 4°C overnight with the primary antibody (goat anti-kir6.1, kir6.2, SUR1and SUR2 at 1:100, Santa Cruz, USA). Cells were then incubated for 1 hr at room temperature with primary antibody for OX-42 (1:100). After washing, cells were exposed to goat antimouse tetramethyl rhodamine isothiocyanate (TRITC)-conjugated antibody at 1:100 and rabbit anti-goat fluorescein isothiocyanate (FITC)-conjugated antibody at 1:100. Stained cells were observed by scanning confocal microscopy. ED1 (a marker for activated microglia, Serotec, USA) immunofluorescence-staining was performed as above described at 1:100. And the total ED1 fluorescence intensities of every well were quantitated using image-analysis software (Simple PCI).

Rats were fixed by transcardial perfusion of 4% paraformaldehyde. Free-floating sections encompassing the entire midbrain were prepared by using a cryostat. For TH, ED1 and OX-42 immunostaining, tissue sections were incubated with primary antibodies overnight at 4°C. Primary antibodies used in this study were as follows: mouse anti-TH (1:4000, Sigma, USA), mouse anti-OX-42 (1:100), mouse anti-ED1 (1:100). Immunostaining was visualized by using 3, 3\'-diaminobenzidine. Sections were then counterstained with hematoxylin. The total numbers of TH-pos-itive neurons and GFAP-positive cells in the substantia nigra were counted stereologically using the optical fractionator method \[[@b20]\].

Western blotting
----------------

Proteins in cell extracts were denatured with SDS sample buffer and separated by 10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes using a Bio-Rad miniprotein-III wet transfer unit. The membranes were incubated with 5% BSA dissolved in Tris-buffered saline with Tween-20 (TBST) (pH 7.5, 10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween-20) at room temperature for 1 hr, washed three times and incubated with different antibodies against different subunits of K~ATP~ channel overnight at 4°C (goat anti-Kir6.1, Kir6.2, SUR1 and SUR2 at 1:100). The membranes were washed three times with TBST buffer and incubated with the secondary antibody (1:1000) for 1 hr followed by four washings. Signal detection was performed with an enhanced chemiluminescence kit.

For p38 and JNK western blotting, primary antibodies used in this study were as follows: rabbit anti-p38, anti-phospho-p38, anti-JNK and anti-phospho-JNK (1:1000, Cell Signal, USA).

Cell viability assay
====================

Cell viability was measured by MTT method. The absorbance of each well was obtained using a Dynatech MR5000 plate counter at a test wavelength of 570 nm with a reference wavelength of 630 nm.

TNF-~α~ and PGE~2~ assay
------------------------

The amount of TNF-α in the culture medium was determined 24 hrs after treatment with a rat TNF-α enzyme-linked immunosorbent assay (ELISA) kit (BioSource International, USA). The content of TNF-α in rat brain tissue (BT) extracts was also determined by TNF-α ELISA kit. The production of PGE~2~ in microglial cultures was evaluated 24 hrs after treatment with a PGE~2~ radioimmumoassay (RIA) kit purchased from Blood Research Institute (Soochow University, China).

R0S assay
---------

Intracellular production of ROS was measured by 2', 7-dichloro-fluores-cein (DCFH) oxidation. DCFH-DA (sigma, USA) was dissolved in ethanol at 10 mM and was diluted 500-fold in DMEM to give DCFH-DA at 20 μM. Cells were exposed to DCFH-DA for 1 hr and then treated with DMEM containing corresponding concentration of drugs for 3 hrs. The fluorescence was visualized immediately at wavelengths of 485 nm for excitation and 530 nm for emission by a Nikcon Optical TE2000-S inverted fluorescence microscope. And the total green fluorescence intensities of every well were quantitated using image-analysis software (Simple PCI).

Measurement of microglial mitochondrial membrane potential [(ΔΨ]{.smallcaps}~m~[)]{.smallcaps}
==============================================================================================

Microglial **Δψ**~m~ was assessed with the fluorescent probe JC-1 (Molecular Probes, USA). At 490 nm, cells with depolarized mitochondria contained JC-1 predominantly in monomeric form and fluoresced green. Cells with polarized mitochondria predominantly contained JC-1 in aggregate form, and mitochondria fluoresced red-orange. MG were incubated with 5 μM of JC-1 for 10 min at 37°C, washed, and placed on a thermostatted stage at 37°C. Fluorescent images were visualized by a Nikon Optical TE2000-S inverted fluorescence microscope with excitation at 490 nm and emission at \>520 nm. MG with polarized mitochondria were seen with distinct mitochondria fluorescing red-orange, and, in MG with depolarized mitochondria, the cell cytoplasm and mitochondria appeared green. Acquired signal was analysed with image-analysis software (Simple PCI). A minimum of six fields were selected and average intensity for each region was quantified. The ratio of J-aggregate to JC-1 monomer intensity for each region was calculated. A decrease in this ratio was interpreted as loss of ΔΨ~m~, whereas an increase in the ratio was interpreted as gain in ΔΨ~m~.

Statistical analysis
--------------------

Values are means ± S.E.M. The significance of the difference between control and samples treated with various drugs was determined by one-way [anova]{.smallcaps} followed by the post-hoc Student-Newman-Keuls test using SPSS v10.0 for Windows (SPSS Inc., Chicago, IL). Differences were considered significant at *P*\<0.05.

Results
=======

Rat primary cultured microglia express K~ATP~ channel subunits Kir6.1 and SUR2 but not Kir6.2 and SUR1
------------------------------------------------------------------------------------------------------

RT-PCR was performed to detect mRNA level of Kir6.1, Kir6.2, SUR1 and SUR2. The results showed that in rat primary cultured MG, single-band amplification products of expected sizes for Kir6.1 (247 bp) and SUR2 (144 bp) subunits were observed, but no detectable bands at the predicted sizes of 167 bp for Kir6.2 or 248 bp for SUR1 ([Fig. 1A](#fig01){ref-type="fig"}). As positive controls, Kir6.2 and SUR1 subunits were observed in whole rat BT.

![Primary cultured microglia expressed Kir6.1 and SUR2 subunits of K~ATP~ channels but not Kir6.2 and SUR1. (**A**) RT-PCR analysis of the Kir6.1 and SUR2 subunits in microglia. M, DNA marker; BT, whole brain tissue; MG, microglia. (**B**) Western blotting analysis of the Kir6.1 and SUR2 sub-units in microglia. (**C**) Immunolocalization of Kir6.1 and SUR2 subunits in microglia was examined using antibodies for Kir6.1 (green), SUR2 (green), colocalized with the microglial marker OX-42 (red). Scale bar: 25 μm.](jcmm0012-1559-f1){#fig01}

Western blotting and double-immunolabelling experiments were performed to detect expression of subunit at protein level. The results of western blotting showed that in MG prominent bands at expected molecular weights of 50 kDa for Kir6.1, 130 kD and 30 kD for SUR2 were observed. However, no obvious bands at expected molecular weights of 50 kD for Kir6.2 and 150 kD for SUR1 were detected ([Fig. 1B](#fig01){ref-type="fig"}). As shown in [Figure 1C](#fig01){ref-type="fig"}, nearly all of microglial cells labelled with microglial marker OX-42 were Kir6.1 and SUR2 positive, but Kir6.2 and SUR1 were negative. These results indicate that K~ATP~ channel subunits, Kir6.1 and SUR2, are expressed in rat primary cultured MG.

Opening of mito-K~ATP~ channels inhibits rotenone-induced microglial activation and production of TNF-α, PGE2 and ROS
---------------------------------------------------------------------------------------------------------------------

The effect of rotenone on the viability of MG was studied so as to determine its concentration used in following experiments. Notably, rotenone-induced microglial activation but failed to affect the microglial viability at 10 nM ([Fig. 2A](#fig02){ref-type="fig"}). Therefore, this concentration was chosen to investigate the effects of K~ATP~ channels on microglial activation.

![Effects of K~ATP~ channel openers on rotenone-induced microglial activation and production of pro-inflammatory and neurotoxic factors. (**A**) Rotenone induced a decrease in the viability of microglia in a concentration-dependent manner. (**B**) K~ATP~ channel openers attenuated rotenone-induced morphological change of microglia. Rot, rotenone; Pin, pinacidil; Dia, diazoxide; Gli, glibenclamide; 5-HD, 5-hydroxydecanoate. (**C**) K~ATP~ channel openers reduced fluorescence intensity of rotenone-induced ED1-positive microglia (red). (**D**) K~ATP~ channel openers inhibited rotenone-induced production of TNF-α and PGE2 from microglia. (**E**) K~ATP~ channel openers inhibited rotenone-induced production of intracellular reactive oxygen species (ROS) in microglia. Scale bar: 50 μm (**B** and **C**); 100 μm (**E**). \*\**P*\<0.01, \*\*\**P* \<0.001 *versus* control group; \#\#\#*P* \<0.001 *versus* Rot group; ††*P* \<0.01, †††*P* \<0.001 *versus* Rot + Pin group; ‡*P* \<0.05, ‡‡‡*P* \<0.001 versus Rot + Dia group. Data are presented as the mean ± S.E.M. of four independent experiments.](jcmm0012-1559-f2){#fig02}

Then, we examined the effects of K~ATP~ channel openers on rotenone-induced microglial morphological changes. It is well documented that unstimulated MG are typically ramified and either bipolar or unipolar, indicative of a resting state, whereas activated microglial cells are altered, becoming round with enlarged and amoeboid cell bodies \[[@b21]\]. As shown in [Fig. 2B](#fig02){ref-type="fig"}, the morphological features considered as the resting state of MG were observed in control cells. Stimulated with 10 nM rotenone for 24 hrs, most MG were activated and consequently underwent dramatic morphological changes. Although K~ATP~ channel opener pinacidil (10 μM) or diazoxide (100 μM) alone failed to affect cell morphology of resting MG (data not shown), pre-incubation with 10 μM pinacidil for 20 min ameliorated rotenone-induced morphological alterations. Co-incubation of 10 μM glibenclamide, a classic K~ATP~ channel blocker, with pinacidil, abolished the effects of pinacidil. MG, which were pre-treated with 100 μM diazoxide (a selective mito-K~ATP~ channel opener) for 20 min before incubation with 10 nM rotenone for 24 hrs, were observed that the morphological alterations of rotenone-activated MG were also ameliorated. The effects of diazoxide were abolished by 250 μM 5-hydroxyde-canoate (5-HD), a selective mito-K~ATP~ channel blocker.

Furthermore, cells were stained with ED1 antibody, a marker for microglial activation. As shown in representative confocal scanning laser microscopy micrographs of ED1, the intensity of red fluorescence was significantly increased when MG were incubated with rotenone for 24 hrs. The fluorescence intensity of MG pre-incubated with 10 μM pinacidil or 100 μM diazoxide was decreased by 62.5% and 65.6%, respectively, which was reversed by either non-selective K~ATP~ channel blocker glibenclamide (10 μM) or selective mito-K~ATP~ channel blocker 5-HD (250 μM) ([Fig. 2C](#fig02){ref-type="fig"}). These results suggest that the opening of microglial K~ATP~ channels, mainly mito-K~ATP~ channels, might prevent from rotenone-induced microglial activation.

It is well documented that excessive production of TNF-a, PGE~2~ and ROS from activated MG plays an important role in the process of neurodegenerative diseases \[[@b4]\], so we examined whether K~ATP~ channel openers affect rotenone-induced TNF-α, PGE~2~ and ROS production from MG. The results showed that neither 10 μM pinacidil nor 100 μM diazoxide alone affected TNF-a and PGE~2~ production from resting MG (data not shown). However the amount of TNF-α in the medium 24 hrs after the addition of rotenone was significantly reduced by pre-treatment with pinacidil (10 μM) or diazoxide (100 μM) down to 67.1% and 64.1% of rotenone-treated group, respectively. Pre-incubation of MG with glibenclamide (10 μM) or 5-HD (250 μM) for 20 min prior to the addition of pinacidil or diazoxide could eliminate the effects of pinacidil and diazoxide as shown in [Fig. 2D](#fig02){ref-type="fig"}. Similarly, pinacidil or diazoxide could also decrease the production of PGE~2~ from rotenone-treated MG, which was reversed by either glibenclamide or 5-HD ([Fig. 2D](#fig02){ref-type="fig"}). In addition, levels of intracellular ROS, the neu-rotoxic factors, were determined after stimulation with rotenone (10 nM) for 3 hrs. As shown in [Fig. 2E](#fig02){ref-type="fig"}, treatment with rotenone markedly elevated the production of ROS in MG, indicated by the increased green fluorescence intensity (up to 471% of control). A significant inhibition of the rotenone-stimulated ROS was observed in cultures pre-treated (20 min) with 100 μM diazoxide. And the effect of diazoxide was eliminated by 250 μM 5-HD. These results indicate that mito-K~ATP~ channels play an important role in the regulation of rotenone-induced production of inflammatory and neurotoxic factors from MG.

Opening of mito-K~ATP~ channels alleviates rotenone-induced mitochondrial membrane potential loss and p38/JNK phosphorylation in microglia
------------------------------------------------------------------------------------------------------------------------------------------

As mitochondrial membrane potential (Δψ~m~) has been demonstrated to regulate microglial activation, molecular probe JC-1 was used to detect the effect of mito-K~ATP~ channel opener diazoxide on rotenone-induced microglial mitochondrial membrane potential change. Most cultured MG displayed a loss or collapse of **ΔΨ**~m~ 30 min after exposure to rotenone, indicated by fluorescence of JC-1 shifted from red-orange to greenish yellow. Pre-treatment of MG with 100 μM diazoxide prevented mitochondria from loss of Ψ~m~. Furthermore, addition of 5-HD (250 μM) could reverse the preventive effect of diazoxide ([Fig. 3A](#fig03){ref-type="fig"}).

![Effects of mito-K~ATP~ channel opener diazoxide on rotenone-induced mitochon-drial depolarization and p38/JNK phos-phorylation in microglia. (**A**) JC-1 fluorescence imaging of mitochondria. Quantification of mitochondrial membrane potential expressed as a ratio of J-aggregate to JC-1 monomer (red: green) fluorescence. Scale bar: 25 μm. (**B**) Rotenone induced p38/JNK phosphoryla-tion in microglia, indicative of p38/JNK activation. Microglia were treated with 10 nm rotenone for indicated times. (**C**) Pre-treatment with diazoxide suppressed rotenone-induced p38/JNK phosphoryla-tion in microglia. 30 min after treatment, microglia were harvested and phosphory-lated p38/JNK were analysed. Lower: Representative blots are shown. Upper: Densitometric analysis of the phosphory-lated forms of p38/JNK. \**P* \<0.05, \*\*\**P* \<0.001 *versus* control group; \#\#\#*P* \<0.001 versus Rot group; †††*P* \<0.001 *versus* Rot + Dia group. Data are presented as the mean ± S.E.M. of four independent experiments.](jcmm0012-1559-f3){#fig03}

Since p38 and JNK are the predominant signaling transduction pathways responsible for synthesis and production of pro-inflammatory factors (such as TNF-α and PGE~2~) from MG \[[@b22]\], we investigated whether mito-K~ATP~ opener diazoxide could affect rotenone-induced p38/JNK phosphorylation in MG, which might in turn regulate the production of pro-inflammatory factors. First, cells were treated with rotenone (10 nM) for different intervals of time to determine the involvement of p38/JNK in rotenone stimulation. Treatment with rotenone led to a rapid and transient phosphorylation of both p38 and JNK, indicative of p38 and JNK activation, with the peak levels of phospho-p38 and phospho-JNK occurring at 30 min ([Fig. 3B](#fig03){ref-type="fig"}). Phosphorylated p38 sustained up to 2 hrs after rotenone stimulation, but JNK phosphorylation was still apparent at 4 hrs. These data indicate that both p38 and JNK signalling pathway are activated in response to rotenone treatment in MG. Next, we detected whether mito-K~ATP~ opener diazoxide could regulate rotenone-induced p38/JNK phosphorylation. The following experiments with diazoxide were performed at the 30 min time point. As shown in [Fig. 3C](#fig03){ref-type="fig"}, pre-treatment with 100 μM diazoxide reduced rotenone-induced increase of phospho-p38 by over 50% and that of phospho-JNK by over 64%. And these effects were reversed by mito-K~ATP~ blocker 5HD (250 μM).

Mito-K~ATP~ channel opener diazoxide ameliorates rotenone-induced rat behavioural symptoms
------------------------------------------------------------------------------------------

Control rats were treated with vehicle, and death did not occur. Rotenone-treated rats (2.5 mg/kg/day for 28 days, subcutaneously) underwent significant weight loss (data not shown) and mortality (40%) during the treatment. However, rats with diazoxide (1.5 mg/kg/day, orally), which was pre-treated for 3 days and administered daily for 4 weeks with an injection of rotenone 1 hr later each time, had markedly increased weight and lower mortality (19%).

Using the catalepsy test, rotenone-treated rats showed prolonged latency time compared to that in the vehicle-treated control group. The latency time of rats pre-treated with diazoxide decreased by 91% ([Fig. 4A](#fig04){ref-type="fig"}). In the rotarod test, vehicle-treated animals learned the task quickly and, after a short training period, were able to remain on the rod at different speed (5--20 r.p.m.). They stepped voluntarily from the hand of the experimenter onto the rotarod, except at very high-rotation speeds. Almost all control animals remained on the rod for 300 sec at 5--20 r.p.m. The time-on-the-rod of rotenone-treated rats was significantly reduced with an obvious gradual decrease in time-on-the-rod as rod speed increased. Rats pre-treated with diazoxide had a longer length of time-on-the-rod compared with the rotenone-treated rats ([Fig. 4B](#fig04){ref-type="fig"}).

![Effects of mito-K~ATP~ channel opener diazoxide on rotenone-induced rat behavioural symptoms. (**A**) Catalepsy test. (**B**) Rotarod test. \*\*\**P* \<0.001 *versus* control group; \#\#\#*P* \<0.001 versus rotenone (2.5 mg/kg/day) group. Data are presented as the mean ± S.E.M., *n*= 12 per group.](jcmm0012-1559-f4){#fig04}

Mito-K~ATP~ channel opener diazoxide alleviates rotenone-induced dopaminergic neuronal degeneration and inhibits microglial activation in rat substantia nigra
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Since mito-K~ATP~ channel opener diazoxide can suppress rotenone-induced microglial activation and production of pro-inflammatory factors *in vitro*, diazoxide that can pass through the blood--brain barrier should theoretically protect dopaminergic neurons in rotenone-treated rats *via* inhibiting microglial activation. Thus, *in vivo* experiments were performed to investigate whether systematical administration with diazoxide exhibited neu-roprotection in rats accompanied with the suppression of microglial activation. As illustrated in [Figures 5A and B](#fig05){ref-type="fig"}, rotenone, 2.5 mg/kg/day for 28 days, caused dramatically reduction in the amount of substantia nigra pars compacta (SNpc) dopaminergic neurons compared with control, as evidenced by TH immunos-taining. Diazoxide (1.5 mg/kg/day), which was pre-treated for 3 days and administered daily for 4 weeks with an injection of rotenone 1 hr later each time, increased significantly the number of surviving SNpc TH-positive neurons.

![Effects of mito-K~ATP~ channel opener diazoxide on rotenone-induced dopaminer-gic neuronal death and microglial activation in rat substantia nigra. (**A**) Images of immunohistochemistry. TH-positive cells (brown) represent dopaminergic neurons. Anti-GFAP was employed for staining astro-cytes (brown). OX-42 and ED1 immunos-taining (brown) were carried out to study microglial activation. Scale bar: 100μm (black), 20 μm (white). (**B**) TH-positive cell numbers in substantia nigra. \*\*\**P*\<0.001 *versus* control group; \#\#\#*P* \<0.001 *versus* rotenone (2.5 mg/kg/day) group. (**C**) GFAP-positive cell numbers in substantia nigra. Data are expressed as mean ± S.E.M., n = 6 per group.](jcmm0012-1559-f5){#fig05}

Simultaneously, antibodies for OX-42 and ED1 were used to detect microglial activation and anti-GFAP was employed for staining astrocytes. Morphologically, robustly immunoreactive OX-42 and ED1-positive activated MG were observed in SNpc of rotenone-treated rats ([Fig. 5A](#fig05){ref-type="fig"}). And OX-42 and ED1 immunostaining of the rats pre-treated with diazoxide was similar to those seen in control rats. In SNpc of rotenone-treated rats, the cell body of most MG became larger, and the processes were poorly ramified, short and thick. The microglial appearance in SNpc of the rats pre-treated with diazoxide was similar to those observed in vehicle-treated rats, indicated by small cell body, ramified and thin processes ([Fig. 5A](#fig05){ref-type="fig"}). In addition, there was no significant difference in the morphology and numbers of GFAP-positive cells among rats of different treatments ([Fig. 5A and C](#fig05){ref-type="fig"}).

Mito[-K~atp~]{.smallcaps} channel opener diazoxide inhibits rotenone-induced production of pro-inflammatory factors in rat brain and peripheral blood
-----------------------------------------------------------------------------------------------------------------------------------------------------

To further explore whether mito[-]{.smallcaps}K~ATP~ channel opener diazoxide could regulate MG-mediated neuroinflammation *in vivo*, the content of TNF-α in substantia nigra and peripheral blood serum was determined as well as the mRNA levels of TNF-α and COX-2 in striatum and substantia nigra. The results showed that chronic treatment with rotenone (2.5 mg/kg/day) significantly increased TNF-α content in rat substantia nigra (123 ± 13.9 pg/mg protein, P\<0.001 versus control group) and peripheral blood (77 ± 4.4 pg/ml, P\<0.001 versus control group). However, diazoxide (1.5 mg/kg/day) could attenuate the content of TNF-α either in substantia nigra or in peripheral blood compared with that of rotenone-treated rats ([Fig. 6A](#fig06){ref-type="fig"}). Consistently the results of RT-PCR showed that pre-treatment with diazoxide markedly down-regulated rotenone-induced elevation of TNF-α and COX-2 mRNA levels in rat substantia nigra and striatum ([Fig. 6B](#fig06){ref-type="fig"}).

![Effects of mito-K~ATP~ channel opener diazoxide on rotenone-induced production of pro-inflammatory factors in rat brain and peripheral blood. (**A**) Diazoxide decreased the content of TNF-α in subtantia nigra and peripheral blood compared with that of rotenone-treated rats. (**B**) Diazoxide down-regulated the mRNA levels of TNF-α and COX-2 in substantia nigra and striatum. \*\*\**P* \<0.001 *versus* vehicle group; \#\#*P* \<0.01, \#\#\#*P* \<0.001 *versus* Rot group. Data are expressed as mean ± S.E.M., *n*= 6 per group.](jcmm0012-1559-f6){#fig06}

Discussion
==========

It is reported that several types of K^+^ channels are involved in microglial functions, such as proliferation, migration, release of IL-1 **β** and ROS \[[@b11]\]. We reported here that the K~ATP~ channel Kir6.1 and SUR2 subunits are expressed in rat primary cultured MG in the resting state, and that these K~ATP~ channels functionally modulate rotenone-induced microglial activation and subsequent production of TNF-α, PGE~2~ and ROS. Abundant studies have demonstrated that pro-inflammatory and neurotoxic factors produced from activated MG, such as TNF-α, PGE~2~ and ROS, are involved in mediating neuronal cell death \[[@b6]\] and aggravating glutamate neurotoxicity by inhibiting glutamate uptake in astrocytes \[[@b9]\]. Thus, opening microglial K~ATP~ channels may alleviate MG-induced toxic effects on neurons and astrocytes through inhibiting the production of pro-inflammatory and neurotoxic factors.

The present study showed that the inhibitory effects of K~ATP~ channel opener pinacidil and specific mito-K~ATP~ channel opener diazoxide on rotenone-induced microglial activation were reversed by specific mito-K~ATP~ channel blocker 5-HD. These results suggest that mito-K~ATP~ channels may play a pivotal role in regulating microglial activation and subsequent production of pro-inflammatory factors. It has been demonstrated that exposure to rotenone results in mito-chondrial depolarization \[[@b28]\]. The present study demonstrated that pre-treatment with diazoxide inhibited rotenone-induced mito-chondrial membrane depolarization. And the inhibitory action of diazoxide was abolished by 5-HD, indicating that opening of mito-K~ATP~ channels is responsible for the observed maintenance of polarized states of mitochondrial membrane potentials during rotenone stimulation. It is strongly supported by the reports that activation of mito-K~ATP~ channel reduced anoxic injury \[[@b30]\] and glutamate excito-toxicity \[[@b31]\]*via* restoring mitochondrial membrane potential. Thus, opening of mito-K~ATP~ channel may maintain microglial normal function and attenuate microglial activation by preventing rotenone-induced mitochondrial membrane potential loss. However, the detailed mechanisms by which opening of mito-K~ATP~ channels inhibits microglial activation need to be further investigated.

Mitogen-activated protein kinases (MAPKs) are downstream signal proteins of mito-K~ATP~ channel \[[@b32]\]. A cardioselective K~ATP~ channel opener KR-31378 protected H9c2 cells against chemical hypoxia-induced cell death by blocking the activation of p38 and JNK \[[@b35]\]. The present study showed that opening of mito-K~ATP~ channels by diazoxide inhibited rotenone-induced phosphorylation of p38 and JNK in MG. Since MAPKs play a key regulatory role in COX-2 expression, PGE~2~ and TNF-α production \[[@b22]\], our results imply that opening of mito-K~ATP~ channels might modulate PGE~2~ and TNF-α production through MAPK pathway. Recently, ROS generated in the mitochondrial respiratory chain is considered as an important mediator of signal transduction in ischaemic pre-conditioning \[[@b36]\], which activates p38/JNK through the activation of upstream signalling MKK. Mito-K~ATP~ channel opening increases production of protective ROS during pre-conditioning and decreases the levels of ROS produced during reperfusion \[[@b37]\]. So we propose that opening of mito-K~ATP~ channels may inhibit the rotenone-induced production of PGE2 and TNF-α from MG through suppression of mitochondria-derived ROS and downstream MAPKs phosphorylation.

It is well documented that microglial activation and subsequent production of TNF-α, PGE2 and ROS participate in rotenone-induced dopaminergic neuronal degeneration \[[@b2]\]. Since K~ATP~ channel openers improved rotenone-elicited motor and neurochemical alterations \[[@b16]\], the rotenone-induced Parkinsonism rat model was used to investigate whether the neuroprotective effects of K~ATP~ channel openers implicated the inhibition of microglial activation and subsequent neuroinflammation in substantia nigra. The activated state of microglial cells is indicated by the increased density of OX-42-posi-tive cells and amoeboid morphological alteration. As expected, our in vivo results demonstrated that mito-K~ATP~ channel opener diazoxide alleviated rotenone-induced dopaminergic neuronal degeneration along with the inhibition of microglial activation and subsequent neuroinflammation in rat substantia nigra. On the other hand, the minimal astrocytosis in substantia nigra after rotenone treatment was consistent with a previous study that reactive astrocytosis was not prominent in cortex or nigra and limited around the lesion in stratium of chronic rotenone-treated rats \[[@b39]\]. Systematical administration with selective mito-K~ATP~ channel opener diazoxide also attenuated rotenone-induced production of pro-inflammatory factors in brain and peripheral blood, further confirming that opening of mito-K~ATP~ channels may exert indirect neuroprotection through the effect of anti-neuroinflammation. These findings suggest that mito-K~ATP~ channel may be an important molecular target for treating inflammation-related neurodegenerative disorders such as PD.

Increasing evidence has shown that selective activation of mito-K~ATP~ channels elicits protective effects against ischaemia, degeneration or metabolic challenges \[[@b13]\]. However, little is known about the subunit composition or functional regulation of the mito-K~ATP~ channels. Our previous study showed that novel K~ATP~ channel opener iptakalim inhibited microglial activation \[[@b19]\] and could open Kir6.1/SUR2-composed K~ATP~ channels \[[@b44]\], which is same as the composition of mito-K~ATP~ channels \[[@b45]\]. The results in the present study demonstrate that microglial K~ATP~ channels are formed by Kir6.1 and SUR2 subunits and selective mito-K~ATP~ channel opener diazoxide inhibited microglial activation. Thus, it is reasonable that detectable Kir6.1 and SUR2 subunits constitute functional mito-K~ATP~ channels in MG, which appear to play a critical role in regulating microglial activation.

In conclusion, we demonstrated that Kir6.1 and SUR2 subunits of K~ATP~ channels were expressed in rat primary cultured MG and opening microglial mito-K~ATP~ channels inhibited microglial activation and subsequent production of pro-inflammatory factors. The underlying mechanisms involved the regulation of mitochondrial membrane potential and p38/JNK activation in MG. Since the in vivostudy further showed that opening mito-K~ATP~ channels exerted neuroprotective effects along with the inhibition of neuroinflamma-tion, it is prospective that targeting microglial mito-K~ATP~ channels may be a promising therapeutic strategy for treating neuroinflam-mation-related neurodegenerative diseases such as PD.
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